Nitrogen-vacancy (NV) centers in diamond are the most promising candidate for various 1 applications such as quantum information science [1] [2] [3] [4] [5] [6] [7] [8] , magnetometry [9] [10] [11] [12] [13] , and biosensing [14-2 16]. For these applications, controlling the charge state of the NV centers is crucial, because optical 3 initialization and readout of the spin state of the NV centers are only possible in negatively charged 4 one (NV − ). However, upon illumination, the NV centers undergo stochastic charge-state transitions 5 between NV − and neutral charge state of the NV center (NV 0 ) [17, 18] . For example, upon excitation 6 around 580 nm, where NV − has the highest absorption [17, 19] , NV − easily turns into the NV 0 and the 7 steady-state-population of NV − decreases to about 10%, which could be revealed from single-shot 8 charge-state measurements [17] . Therefore, illumination at 532 nm is usually used in the experiment 9 of NV − . This charge-state interconversion occurs upon illumination at any wavelength, so the steady-10 state NV − population is always less than 75%-80% [17, 20] . 11
Generating a pure state including the charge state, close to 100% NV − population, is very 12 important for quantum information applications. Studies involving the pre-selection and reset of the 13 charge state were carried out to achieve high-fidelity operation because of the instability of the 14 charge states [1, 4, 5] . However, this approach makes scaling up of diamond quantum registers more 15 challenging. Furthermore, single-shot readout of a nuclear spin indicates that the spin-flip probability 16 of the conditional gate operation decreases because of the stochastic charge-state transitions [6, 21] . 17
In addition, such charge-state transitions lead to spectral diffusion [18, 22, 23] [38] . A homebuilt confocal microscope system was used to 21 optically address single NV centers [38] . All experiments were conducted at room temperature. (Fig. 3(b) ). These populations are almost the same as single NV centers in intrinsic 2 diamond [17] . In contrast to NV1, NV2 has only one peak on the both sequences (Figs. 3(c) and 3 3(d)). Peak widths and positions are quite similar to those of NV − in Fig. 3(a) . This result strongly 4 suggests that detected photons in single-shot measurements come from pure NV − . The difference in 5 the NV − population between NV1 and NV2 might be attributed to their different local environments 6 (i.e., impurity and/or defects). 7
On the other hand, under 100 μW, 532 nm illumination, the PL spectrum and the optically 8 detected magnetic resonance (ODMR) intensity of NV − on NV2 are the same as those of NV1 [38] . 9
These results suggest that, under 100 μW, 532 nm illumination, the charge-state population of NV2 10 is the same as that of NV1, despite a single peak being observed in Fig. 3(c) . This fact implies that 11 the charge state changes during the dark period (10 ms) between initialization and detection. To 12 elucidate this fact, we average the PL intensity of NV2 after a time delay delay T d between the 532 and 593 nm laser pulses was set to 10 ms, which is long enough for the 5 NV − population to grow to more than 99%. At 100 μW, 593 nm illumination, the PL intensity decays 6 exponentially, as shown in Fig. 4(c) . This result indicates that the rate from NV Fig. 4(d) . This also supports charge-state is at equilibrium and purely populated to NV consistent with the charge-state population in Fig. 3(b) . The case for the 532 nm excitation can be 2 analyzed and it is indicated that a population consisting solely of the NV − charge state can be 3 generated by low-power 532 nm illumination [38] . 4 In NV2, we found a four-fold enhancement of an ODMR under 593 nm excitation compared 5 with that of NV1. atoms/cm 3 ) [38] . Previously, dependence of nitrogen donors (i.e., P1 centers) concentration on T 2 of 24 P1 centers was investigated and T 2 of P1 centers is estimated to be about 1 ms and 100 μs for the P1 25 concentration of 5 × 10 15 and 5 × 10 16 cm −3 , respectively [40] . We expect that the dependence of the 1 phosphorus concentration on T 2 of NV centers to be almost the same as that of the P1 center because 2 the unpaired electrons localize on their atoms. However, the present results of T 2 are shorter than the 3 expected values. It can be attributed to other impurities or defects [41] . In other words, if these 4 impurities or defects could be removed and if 12 C could be enriched, T 2 in n-type diamond should 5 become comparable to the long (millisecond order) T 2 of high-quality intrinsic 12 C-enriched 6 diamond [13, 42] . 7
In summary, we investigated the NV − population and its dynamics in phosphorus-doped n-type 8 diamond by using nondestructive, single-shot readout measurements of the NV charge state. In 9 phosphorus-doped n-type diamond, the results reveal that the NV − charge state that populates over 10 99% of the NV centers is generated by 1 μW illumination at 593 nm. Under these illumination 11 conditions, we obtain an almost five-fold increase in luminescence and a four-fold increase in the 12 ODMR signal compared with the corresponding results for NV centers in intrinsic diamond. 
